Refinements in early detection, surgical and radiation therapy, and hormone receptor-targeted treatments have improved the survival rates for breast cancer patients. However, the ability to reliably identify which non-invasive lesions and localized tumors have the ability to progress and/or metastasize remains a major unmet need in the field. The current diagnostic and therapeutic strategies focus on intrinsic alterations within carcinoma cells that are closely associated with proliferation. However, substantial accumulating evidence has indicated that permissive changes in the stromal tissues surrounding the carcinoma play an integral role in breast cancer tumor initiation and progression. Numerous studies have suggested that the stromal environment surrounding ductal carcinoma in situ (DCIS) lesions actively contributes to enhancing tumor cell invasion and immune escape. This review will describe the current state of knowledge regarding the mechanisms through which the microenvironment interacts with DCIS lesions focusing on recent studies that describe the contributions of myoepithelial cells, fibroblasts and immune cells to invasion and subsequent progression. These mechanisms will be considered in the context of developing biomarkers for identifying lesions that will progress to invasive carcinoma and/or developing approaches for therapeutic intervention.
Introduction
Ductal carcinoma in situ (DCIS) is a neoplastic proliferation of clonally related epithelial cells that remains confined to the luminal space of the mammary ductal-lobular system. The morphology, genetics, cellular biology, and clinical behavior of DCIS are heterogeneous. The incidence of DCIS in the United States increased dramatically after the introduction and dissemination of mammographic screening programs through the 1990s, but subsequently plateaued with approximately 60,000 new cases diagnosed per year [1] . Given this burden of disease, understanding the biologic complexity of DCIS and delineating biomarkers associated with progression to invasive cancer are clear needs to tailor treatment strategies for each individual patient.
Microscopically, the neoplastic cells of DCIS fill and distend the ductal-lobular structures without penetrating through the myoepithelial cell layer and surrounding basement membrane (Fig. 1) . The morphology of DCIS is classified using six distinct growth patterns (such as solid, cribriform, comedo, papillary, micropapillary and Paget disease) and three grades of atypical nuclear features (low, intermediate, and high) [2] . The morphology of the tumor microenvironment surrounding in situ lesions demonstrates wide variability in both the amount of collagen deposition (termed desmoplasia) and in the distribution of stromal cells including: fibroblasts, macrophages, lymphocytes, and other cell types (Fig. 1) . Panels 1A and 1B demonstrate variability in the accumulation of acellular collagen and number of fibroblasts within the stroma. Further, the number and distribution of mononuclear immune cells can be highly variable (compare Fig. 1c vs. 1d ). Later sections of this review describe how the presence and function of specific immune cell subsets have been associated with a higher risk for progression/ recurrence.
There are several key components to the clinical diagnostic assessment of DCIS. Based on features of the cell nuclei, DCIS is classified as low, intermediate, or high grade [2, 3] . The critical diagnostic consideration is exclusion of micro-invasive carcinoma (defined as invasive foci no larger than 1 mm; Fig. 1e ,f) admixed within the in situ tumor. Several immunohistochemical stains for myoepithelial cells can be used to assist in the clinical diagnosis of DCIS vs. invasive carcinoma, although diagnostic pitfalls exist with any one specific marker and therefore utilization of several stains is advised to most accurately assess for the presence of a myoepithelial cell layer [4] . Further, as described later in this review, decreased or variable expression of particular myoepithelial markers may in fact contribute to altered myoepithelial cell function leading to invasive progression. Diagnostic assessment of estrogen receptor (ER) and progesterone receptor (PR) expression is standard of care, but analysis for over-expression or amplification of HER2 is not routinely performed in the clinical diagnosis and management of DCIS [2] .
Surgery is the primary treatment modality of DCIS, with or without adjuvant radiation therapy based on the clinical and pathologic features of each individual patient's disease [5] . Adjuvant endocrine therapy is considered if the DCIS is hormone receptor positive. Most prognostic algorithms consider a combination of: lesion size, surgical margin status, nuclear grade and presence of necrosis with or without additional personal and family medical history components [6] . In addition, a limited 12-gene expression profile has been validated as a prognostic tool to predict recurrence risk of DCIS [7] , but this profile is heavily weighted on the measurement of proliferation-related genes. Currently, assessment of stromal features or inflammatory infiltrates is not used clinically for patient management or estimating the prognosis for recurrence.
The somatic genomic alterations of DCIS overlap significantly with invasive breast carcinoma. Similar to invasive cancer, recurrent mutations in PIK3CA, TP53, and GATA3 as well as commonly occurring copy number alterations have similarly been identified in DCIS [8, 9] . A number of studies have utilized genomic analyses of paired DCIS and invasive carcinoma samples from the same patient to investigate whether recurrent mutations are restricted to or overrepresented in the invasive disease. Subclonal genomic heterogeneity is reproducibly identified in both the DCIS and invasive components, and often the prevalence of individual subclones is different between the DCIS and invasive disease from the same patient [10] . Although individual studies have suggested certain genomic events are preferentially gained in invasive breast cancer (IBC) vs. DCIS components of paired samples [11, 12] no single or group of genetic hits has been recurrently shown to drive the progression to invasion in the majority of cases. These observations support a model of stochastic clonal evolution [13] occurring during the proliferation of in situ carcinoma prior to invasion. In review of these findings, Cowell and colleagues [10] described two hypothetical models of invasive progression: 1) a convergent phenotype model wherein multiple genomic and epigenomic events across diverse subclones of disease converge onto similar pathways that drive progression of the disease as a whole, and 2) an evolutionary bottleneck model wherein only one subclone develops the necessary combination of genomic alterations for progression.
To further address these hypotheses, Casasent et al. [14] recently used a sophisticated technique for spatial mapping of single cell copy number analysis (termed topographic single cell sequencing, TSCS) combined with high depth exome DNAseq analysis of paired DCIS and invasive carcinoma samples. The TSCS technique enabled investigators to develop single cell copy number variation (CNV) profiles of cells discretely mapped from 2-dimensional tissue sections of mixed in situ and invasive human breast carcinoma. They found a range of 1-5 abnormal CNV clones in each of the 10 analyzed patients, and in all cases all distinct clones could be identified in both DCIS and IBC components. The prevalence of individual subclones did vary between components, but the level of clonal diversity was not significantly different. Further, all CNV subclones within each patient shared a common (stem) abnormality, consistent with a single intraductal cell of origin and subsequent stochastic evolution within the ducts. In parallel, the authors performed high depth DNAseq analysis of micro-dissected DCIS and invasive cancer areas, finding that >87% of nonsynonymous mutations were concordant between the components for each patient. The conservation of clonal diversity (inferred from mutation profiles) between DCIS and IBC appeared nearly complete but the relative proportion of individual clones was variable, consistent with their single-cell CNV analysis. From these findings, the authors proposed a model of multi-clonal progression in which genetic heterogeneity develops within the duct system prior to invading into the surrounding tissue in a co-mingled fashion encompassing all of the genetic subclones. While the proportional enrichment of specific subclones within invasive cancer is compatible with the hypothesis that distinct genotypes are more supportive of invasive behavior, the investigators did not identify a specific genomic alteration that was enriched within the IBC of more than one patient. Although this study is limited by the number of individual patients studied (n = 10) and a bias toward high grade cancers (8/10 cases), these results provide additional strong evidence that genomic heterogeneity is largely maintained during progression from DCIS into IBC. Therefore epigenetic or other non-genomic biologic factors are likely important for invasive progression.
Transcriptomic studies comparing human DCIS and IBC have shown that regulation of cell-cell signaling, cellular movement, and cellular growth pathways are consistently altered between these two disease states [15] . Many differentially expressed genes are implicated in modulation of the extracellular matrix (ECM), immune regulation, or other biologic functions of the tumor microenvironment, including upregulation of MFAP2, MMP11, MMP2, COL1A2, VIM, and PLAU and downregulation of CDH1and F2RL1 in invasive disease compared to isolated DCIS. Further, gene expression analysis of high grade DCIS (from basal and HER2-enriched molecular subtypes) show signatures consistent with a tumor-associated immunosuppressive environment [8] .
Genomic analyses of human DCIS to date have not identified recurrent alterations that are consistently enriched during the transition to invasive disease. In parallel, transcriptomic comparisons of human DCIS and IBC implicate biologic modulation of the tumor microenvironment as a likely mechanism of phenotypic convergence for a genetically heterogeneous disease process. Herein, we review the expanding evidence describing functional changes in myoepithelial, fibroblast, and immune cell populations of the tumor microenvironment that contribute to either suppressing or promoting DCIS progression (summarized in Fig. 2 ).
Myoepithelial Cells

Myoepithelial Cells in the Mammary Gland
In the normal mammary gland, the myoepithelial cell layer separates the luminal epithelial layer from the surrounding basement membrane. Myoepithelial cells express basal markers such as cytokeratin (CK)5 and CK14 as well as integrins such as β4-integrin and α1-integrin, which contribute to binding the basement membrane [16, 17] . Numerous studies have demonstrated that myoepithelial cells contribute to differentiation, proliferation and polarity of the luminal epithelial cells [18, 19] . The use of three dimensional (3D) culture models has been particularly instrumental for demonstrating the importance of myoepithelial cells for maintaining polarity of luminal epithelial structures. For example, plating luminal epithelial cells in collagen I results in the formation of acini with reversed polarity. However, the addition of myoepithelial cells to the cultures was found to reverse this polarity, allowing luminal epithelial cells to generate acini with proper polarity along with lumen formation [18] . One possible explanation for this result is that myoepithelial cells provide a source of laminin-1, which is required for correct polarization of luminal epithelial cells [20] . In addition to contributing to luminal epithelial polarity, myoepithelial cells contribute to ductal elongation and branching in part through production of ECM molecules as well as proteases that help to remodel the basement membrane [21] . Furthermore, loss of Pcadherin, a cell adhesion molecule found in myoepithelial cells in the normal mammary gland, results in precocious alveolar development and formation of hyperplasias, suggesting that myoepithelial cells may also negatively regulate aspects of mammary gland development [22] . Myoepithelial cells are critical for lactation, during which they contract in response to oxytocin, resulting in expulsion of milk into the ductal lumen for release. In the lactating mammary gland, alveolar myoepithelial cells form a contractile network of cells that surround the secretory epithelium. In addition to the intermediate filament proteins CK5 and CK14, myoepithelial cells express smooth muscle-specific proteins including α-smooth muscle actin (SMA), smooth muscle myosin heavy chain (SMMHC), calponin, tropomyosin and smooth muscle alpha-actin (ACTA2), which contribute to their contractile function during milk ejection [23] [24] [25] . Results from studies using ACTA2 knock-out mice represent an example of the requirement for contractile proteins in myoepithelial cell function during milk ejection. Analysis of these mice revealed that loss of ACTA2 is associated with a reduction in the ability of the myoepithelial cells to contract, resulting in reduced milk ejection [24] . Thus, these cells play critical roles in normal mammary gland development and function.
Because loss of myoepithelial cells is a key factor that distinguishes DCIS from IBC, there is extensive interest in understanding the mechanisms through which myoepithelial cells are lost and whether they modulate tumor cell invasion. There are several established markers that can be used to identify myoepithelial cells including SMA, SMMHC, hcaldesmon, S100, p63, maspin, CD10, and cytokeratin 14/ 17. The development of intraductal DCIS xenograft models has allowed for the ability to study the mechanisms of DCIS progression [26] . A widely used model utilizes MCF10DCIS. com cells, which when injected into the mammary ductal system lead to the formation of intraductal lesions that invade into the surrounding tissue [26] . Using this model, Russell et al. analyzed myoepithelial cells and found that prior to invasion, several markers were lost in myoepithelial cells, including p63, calponin and α-SMA [27] . Loss of these markers was confirmed in human DCIS samples, suggesting that myoepithelial differentiation is disrupted prior to invasion and that loss of such markers may serve as a marker of DCIS progression. Further studies on human biopsy samples have shown that reduced expression levels of both SMMHC and CD10 in the myoepithelial cells of DCIS lesions of core needle biopsies is associated with higher risk for concurrent stromal invasion on the subsequent surgical excision [28] . Studies comparing MCF10DCIS.com cells with derivatives or other cell lines with less invasive phenotypes in the intraductal DCIS xenograft model could potentially identify paracrine factors released from the tumor cells that reduce expression of myoepithelial differentiation markers. Following validation in human cohorts, identification of these factors would lead to additional potential markers of DCIS invasion.
Evidence for Myoepithelial Cells as Suppressors of Invasion
Myoepithelial cells have been shown to exhibit anti-angiogenic, anti-proliferative and anti-invasive properties, suggesting that they may provide a natural barrier to invasive breast cancer growth. A recurring theme of myoepithelial function in DCIS progression has focused on their ability to modulate protease activity within the microenvironment. Both in vitro and in vivo studies have demonstrated that myoepithelial cells are capable of suppressing tumor cell migration and invasion. For example, early studies found that myoepithelial cells isolated from the breast were capable of suppressing invasion of MDA-MB-231. Interestingly, these cells were found to produce high levels of protease inhibitors that were sequestered within a myoepithelial-produced matrix, suggesting a potential mechanism through which myoepithelial cells may effectively inhibit proteases produced by invading breast cancer cells [29] . Specific protease inhibitors have been studied in detail. Tissue inhibitor of metalloproteinase (TIMP)-1, which is a potent inhibitor of matrix metalloproteinase (MMP) activity, was also found to be produced by myoepithelial cells [30] . Because breast cancer cells produce high levels of MMPs, this provides another potential mechanism through which myoepithelial cells inhibit protease activity. Plasminogen activator inhibitor 1 (PAI-1), which is a serine protease inhibitor that inhibits urokinase plasminogen activator (uPA), has also been implicated in promoting DCIS invasion. Using an MCF10DCIS-based 3D co-culture model, Sameni et al. demonstrated that myoepithelial cells produce PAI-1 and that blocking uPA activity reduced the sizes of DCIS structures and collagen degradation products [31] . More recent studies have further implicated inhibitors of cysteine cathepsins, specifically stefin A, in the repression of invasion by myoepithelial cells [32] . Specifically, results from these studies demonstrated that high levels of cathepsin inhibitors, including stefin A and stefin B, in the N1ME immortalized myoepithelial cell line were capable of inhibiting invasion of MDA-MB-231 cells. Furthermore, siRNA-mediated knockdown of stefin A led to the inability of myoepithelial cells to restrain tumor cell invasion. Finally, analysis of human DCIS samples revealed high levels of stefin A in hyperplastic and low-grade DCIS, with loss of expression observed in intermediate and high-grade DCIS, suggesting that loss of stefin A may predict invasion. Taken together, these studies support the conclusion that myoepithelial cells are capable of producing protease inhibitors that may inhibit DCIS invasion. Further identification of the specific mechanisms that modulate the levels of expression of protease inhibitors from myoepithelial cells may lead to novel therapeutic approaches for inhibiting tumor cell invasion and for identifying high risk DCIS.
In addition to producing protease inhibitors, myoepithelial cells are also capable of reducing protease production by tumor cells. Co-culture of primary breast myoepithelial cells with a panel of different breast cancer cell lines led to reduced invasion as well as a decrease in expression of MMP-2, MMP-9 and MT1-MMP in MBA-MD-231 and MBA-MD-468 cells [33] . Interestingly, co-culture of myoepithelial cells with fibroblasts also led to reduced MMP gene expression, suggesting a general impact of myoepithelial cells on protease production in a paracrine manner. In addition, myoepithelial cell expression of specific MMPs may also maintain extracellular matrix homeostasis and suppress invasion. For example, MMP-8 expression in myoepithelial cells was found to increase adhesion to ECM molecules and reduce myoepithelial cell migration. Furthermore, MMP-8 expression also suppressed TGFβ signaling and gelatinolytic enzyme activity, which corresponded with a reduced ability of the myoepithelial cells to promote tumor cell invasion. Confirmatory of these experimental studies, MMP-8 expression was found to be significantly reduced in samples of DCIS with invasion compared with pure DCIS [34] . The mechanisms by which myoepithelial cells inhibit MMP production in DCIS cells remain to be determined; however these findings, along with the studies demonstrating that myoepithelial cells produce protease inhibitors, suggest that there are likely to be multiple potential mechanisms through which myoepithelial cells are capable of reducing protease activity within the tumor microenvironment.
Myoepithelial cells have also been shown to produce antiangiogenic factors that are capable of inhibiting endothelial cell chemotaxis and proliferation [35, 36] . For example, myoepithelial cell lines have been shown to produce factors such as maspin, a non-inhibitory serpin [37] that is highly expressed in normal myoepithelial cells but is reduced in the context of DCIS [29, 38] . Maspin is a potent inhibitor of angiogenesis [39] along with tumor cell migration and invasion [40, 41] . These cells also produce thrombospondin-1 (TSP-1), which inhibit angiogenesis by directly impacting endothelial cell proliferation, migration and survival, and through antagonizing vascular endothelial growth factor (VEGF) [42] . Furthermore, myoepithelial cells have been found to produce soluble basic fibroblast growth factor (bFGF) receptors that have the ability to inhibit activity of FGFs, which are potent angiogenic factors [36] . The ability of myoepithelial cells to inhibit angiogenesis by these and other mechanisms highlights the complexities through which myoepithelial cells may contribute to suppression of DCIS progression.
Finally, a number of other myoepithelial-associated molecules have been linked to tumor suppression through promoting tumor suppressive activities, including Caveolin-1, activin, relaxin, MEPI and Neogenin, which are summarized in [30] . Taken together, these studies indicate that myoepithelial cells suppress invasive progression through paracrine effects on tumor cells and through maintenance of homeostasis in the microenvironment. Further characterization of the paracrine factors from myoepithelial cells that limit growth, motility and protease expression in tumor cells, particularly in human samples, would be needed to develop therapeutic strategies that limit invasion. Furthermore, additional experiments using in vivo model systems are required to better define the relative importance of the anti-angiogenic and antiproteolytic activities of myoepithelial cells in preventing progression.
Evidence for Myoepithelial Cells as Promoters of Invasion
In contrast to the studies described above that suggest a suppressive role for myoepithelial cells, a number of studies have identified potential mechanisms through which myoepithelial cells may be capable of promoting invasion. Molecular profiling studies using human DCIS samples have been performed to identify potential changes in paracrine interactions between myoepithelial cells and tumor cells [43] . Using magnetic beads, myoepithelial cells and tumor cells were isolated from normal, DCIS and invasive breast tissues and assessed for gene expression profiles using SAGE analysis. The authors demonstrated an increase in chemokines including CXCL12 and CXCL14 in the myoepithelial and myofibroblast compartments. CXCR4, which is the receptor for CXCL12, was found on breast epithelial cells with increasing expression levels in invasive cancers compared with DCIS. CXCL12 has been shown in many studies to promote tumor cell migration and invasion through its interactions with CXCR4 [44] . Interestingly, the receptor for CXCL14 is not known, but CXCL14 was capable of promoting migration and invasion of MDA-MB-231 cells, suggesting that tumor cells express a functional CXCL14 receptor and implicating this chemokine in promoting tumor cell invasion.
Recent studies have identified additional mechanisms through which myoepithelial cells promote tumor cell invasion in the context of DCIS. For example, while normal myoepithelial cells do not normally express high levels of αvβ6 integrin, increased expression was found on myoepithelial cells associated with DCIS in human tumor samples [45] . Further analysis of expression levels demonstrated that 96% of DCIS associated with invasion were found to express αvβ6 in their myoepithelial cells. αvβ6 activation is associated with induction of MMPs and consistent with this, overexpression of αvβ6 in myoepithelial cells led to a TGFβ-dependent upregulation of MMP-9. Experimental studies demonstrated that co-injection of MDA-MB-231 cells with myoepithelial cells that are expressing αvβ6 led to enhanced tumor growth. Together, these studies suggest that αvβ6 may be able to identify patients at high risk for progression.
To identify additional mechanisms through which myoepithelial cells interact with DCIS cells in vitro, Lo et al. described the use of a co-culture model containing Hs578bst myoepithelial cells and MCF10DCIS cells [46] . These studies demonstrated that the MCF10DCIS cells induced expression of TGFβ by the myoepithelial cells, which is a wellestablished inducer of EMT and invasion. Consistent with these findings, changes in EMT-associated genes were found in the MCF10DCIS cells, including increased FOXC2, SNAIL, Vimentin, ZEB1 and ZEB2, along with a decrease in E-cadherin, which was reversed upon knock-down of TGFβ1 in the myoepithelial cells. Finally, in vivo studies demonstrated that co-injection of myoepithelial cells with the MCF10DCIS cells into the mammary fat pad led to increased tumor volume and increased TGFβ signaling. A study of 209 patients showed that increased SNAIL1 expression in isolated DCIS on biopsy was associated with a higher risk for upstaging to invasive carcinoma at surgical excision [47] , suggesting this pathway may be important in human disease. Further biomarker studies are needed in patient cohorts to establish the clinical relevance of TGFβ secretion from myoepithelial cells as a driver of invasion.
These contrasting results of invasion-suppressing and invasion-promoting functions of myoepithelial
Fibroblasts in DCIS
Fibroblasts are located within the stroma and are typically found in close proximity to mammary epithelial structures. Early studies of fibroblast-epithelial interactions demonstrated that fibroblasts can enhance 17β-estradiol-induced proliferation of epithelial cells in vitro [48] . Stromal fibroblasts also produce factors that act in a paracrine manner to enhance mammary epithelial stem and progenitor function [49, 50] . During mammary gland development, fibroblasts are located in proximity to the epithelium and are important for producing ECM molecules including collagen and fibronectin, which provide structural and mechanical support to the epithelial tissue and promote epithelial growth and differentiation [51, 52] . Fibroblasts also produce proteases, such as MMPs, which degrade the ECM, resulting in stromal reorganization and release of growth factors [51, 53, 54] . Together, these fibroblastderived factors contribute to branching morphogenesis in the developing gland. For example, MMP-3 is expressed in the stromal compartment and deletion of MMP-3 in mice results in reduced lateral branching in the mammary gland [55] . Because many of these factors, including hormone responsiveness, stem cell function, ECM remodeling and MMP production, are also involved in tumor progression, fibroblasts have been extensively studied for their potential contributions in the context of cancer.
In breast cancer, carcinoma associated fibroblasts (CAFs) have been linked to breast cancer progression via a variety of mechanisms, including the production of proteases, growth factors and angiogenic factors that are capable of contributing to breast cancer cell invasion (reviewed in [56] [57] [58] [59] [60] ). In support of this, a number of studies have demonstrated that fibroblasts are capable of contributing to promoting DCIS invasion. Several in vitro models have demonstrated the capacity of fibroblasts to promote invasion of non-invasive cells. For example, using a 3D co-culture model in which MCFDCIS cells were co-cultured with fibroblasts in recombinant basement membrane, the presence of fibroblasts led to increased invasive branching in the matrix, which was accompanied by increased levels of MMP-14 and MMP-9 in the co-cultures [61] . Using a microfluidics approach, Sung et al. demonstrated that coculture of MCF10DCIS cells with human mammary fibroblasts led to increased invasion of the MCF10DCIS cells, which was associated with changes in collagen organization surrounding the structures [62] . The microfluidics nature of this model will allow for high throughput identification of critical factors involved in fibroblast-mediated DCIS progression in future studies. Using a different 3D model approach, called the mammary architecture and microenvironment engineering (MAME) model, Osuala et al. co-cultured MCF10DCIS cells with human breast CAFs and found enhanced structure size, increased proliferation and the formation of branch-like connections between the structures [63] . Mechanistic studies demonstrated that CAF-derived IL-6 contributed to tumor cell invasion, which also required the cysteine protease cathepsin B. Taking advantage of the ability to utilize the MAME model for live-cell imaging, the authors found CAFs migrating with tumor cells at the leading edge, suggesting direct interactions between these cell types. More recent studies using the MAME model that incorporates myoepithelial cells along with fibroblasts demonstrated that myoepithelial cells effectively reduce the tumor promoting activity of the CAFs. This process involves inhibition of CAFmediated proteolysis of the extracellular matrix in part through inhibiting the production of CAF-derived IL-6 [31] . Another recently identified CAF-derived factor that promotes invasion of in situ mammary lesions is the chemokine CXCL1 [64] . Using the MMTV-PyMT model on the C57BL/6 background, Bernard et al. [64] demonstrated that CXCL1 produced by CAFs isolated from tumors in MMTV-PyMT mice promoted invasion of epithelial cells using a co-transplant model. This was dependent upon fibroblast-derived CXCL1, which promoted invasion through CXCR2 and activation of downstream signaling pathways, including extracellular regulated kinase (ERK), nuclear factor kappa B (NFκB), Akt and signal transducer and activator of transcription 3 (STAT3) [64] .
In vivo studies using xenograft models have also demonstrated the capacity for fibroblasts to promote invasion of DCIS. For example, using the MCF10DCIS model, Hu et al. demonstrated that subcutaneous co-injection of tumor cells and fibroblasts led to increased formation of invasive tumors compared with either tumor cells alone or tumor cells coinjected with myoepithelial cells [61] . Increased invasion was found using fibroblasts isolated from normal breast tissue, invasive carcinomas or from patients with rheumatoid arthritis, suggesting a general ability of fibroblasts to promote DCIS invasion. Mechanistic studies demonstrated that fibroblastmediated upregulation of cyclooxygenase-2 (Cox-2) in the tumor cells was found to be important in promoting invasion and that celecoxib treatment inhibited the progression to invasion. Additional studies used both orthotopic mammary fat pad and renal capsule transplant models demonstrated that CAFs significantly enhanced tumor size of DCIS xenografts and that these tumors were associated with increased collagen deposition [31] . Supportive of these experimental studies, analysis of human DCIS samples with microinvasion has demonstrated that myofibroblasts associated with DCIS lesions express uPA, uPAR and MMP-13 [65] , which are all linked with promotion of invasion.
Recent studies have also implicated fibroblasts in modulating hormone responsiveness of tumor cells. For example, using a novel microfluidics-based organotypic model, Morgan et al. demonstrated that mammary fibroblasts enhanced ER activity and promoted proliferation of ER+ MCF-7 breast cancer cells [66] . Another study identified a cell surface marker, CD146, which allowed for the isolation of two distinct fibroblast populations human breast tumors [67] . CD146 pos fibroblasts and CD146 neg fibroblasts were found to have different effects on estrogen responsiveness of breast cancer cells. Interestingly, while exposure of tumor cells to CD146 pos fibroblasts led to maintained estrogen responsiveness and sensitivity to tamoxifen, CD146 neg fibroblasts suppressed ER expression and enhanced resistance of tumor cells to tamoxifen. While these studies were performed using fibroblasts from invasive breast cancer patients, it would be important to determine whether these subpopulations also exist in the context of DCIS, and whether they impact ER expression and/or responsiveness within these lesions.
As noted above, a key function for fibroblasts involves ECM deposition and reorganization. One of the consequences of altered ECM composition is the change in biophysical properties of the ECM. In particular, changes in the collagen matrix associated with orientation of collagen fibers have been linked with invasive breast cancer. Specifically, using multiphoton imaging and second harmonic generation, Provenzano et al. demonstrated distinct patterns of collagen signatures at different stages of tumor progression [68] . They found increased collagen density increased surrounding early stage lesions. As these lesions progressed, collagen fibers were found to stretch tangentially around the tumor. Finally, in invasive tumors, radially aligned collagen fibers were found and in some areas were found to be perpendicular to the tumor. Furthermore, localized cell invasion was associated with radially aligned collagen fibers, suggesting that this represents a permissive collagen alignment for tumor cell invasion. Recent studies have also assessed collagen alignment in the context of DCIS [69] . These studies used second harmonic generation imaging to assess collagen alignment in patient samples of DCIS, which included a cohort of patients with recurrence. Perpendicular alignment of collagen fibers was found to be associated with DCIS lesions, compared to normal epithelial structures that were associated with parallel collagen fibers. While collagen alignment was not associated with recurrence, DCIS lesions associated with comedo necrosis and were ER-, PR-and HER2+, which are features associated with DCIS with poor prognosis, were associated with more perpendicular fiber alignment. While the functional implications of collagen alignment with DCIS lesions remains unknown, the development of novel 3D models with tunable biophysical properties, many of which are described in this review, have the potential to provide insights into the links between ECM alterations and DCIS invasion. Furthermore, expanded access to and analysis of DCIS samples associated with long-term patient outcome will be important for determining whether ECM alterations can be used as biomarkers of invasion.
Immune Cells
Immune Cells in Mouse Models of Early Stage Progression
Studies using mouse models have demonstrated the importance of immune cell populations in both mammary gland development and in early stage tumorigenesis. Myeloid populations, including macrophages and eosinophils, are found in close proximity to developing epithelial structures in mammary glands from virgin mice [70] . Assessment of mammary gland development in mice lacking macrophages demonstrated the importance of this cell type in ductal elongation and alveolar development [70] . Macrophages were found to contribute to collagen fibrillogenesis surrounding the terminal end bud, providing a link between macrophages and ECM reorganization in the developing mammary gland [71] . More recent studies have demonstrated the presence of macrophages associated with epithelial structures during the estrous cycle, and have shown altered phenotypes depending upon the stage of the cycle [72] . Finally, macrophages are present within the involuting mammary gland and macrophage depletion prolongs the involution process, demonstrating their importance for normal mammary gland function [73] . In addition to macrophages, lymphocyte populations, such as T cells, have also been linked to negative regulation of ductal development in the mammary gland as mice lacking CD4+ and CD8+ T cells exhibited increased ductal outgrowth [74] . Together, these findings demonstrate the importance of both myeloid and lymphocyte populations in mammary gland development. Further characterizing the mechanisms by which immune cells regulate normal growth and homeostasis may identify immune pathways and biomarkers to assess in DCIS vs. invasive breast cancer.
As described in Behbod et al. (this issue), there are a number of mouse models of breast cancer that show evidence of hyperplasia and some that appear to progress through a process that mimics human DCIS progression. Some studies have demonstrated recruitment and function of immune cells at the early stages of tumorigenesis in these models. For example, the progression of MIN to carcinoma in the MMTV-PyMT model represents the transition to invasive cancer [75] . Analysis of immune cell localization by immunofluorescence revealed a progressive increase in both CD4+ T cells and macrophages as detected by F4/80, a commonly used macrophage markers, from early lesions to late-stage carcinoma [76] . However, depletion of either CD4+ or CD8+ T cells in this model did not impact tumor latency or burden. In a separate study using the MMTV-PyMT model, macrophage depletion delayed histological progression of tumors and reduced metastasis, although did not impact primary tumor growth rates [77] . In another study, genetic deletion of the chemokine receptor CCR6 in the PyMT-MMTV model led to delayed early stage tumorigenesis, which was correlated with reduced recruitment of pro-tumorigenic macrophages into the microenvironment [78] . Using a recently developed model of inducible macrophage depletion, in which CD68+ cells, which represent primarily macrophages although may impact some stromal populations as well [79] , are deleted in a doxycycline-dependent manner, macrophage depletion reduced proliferation in tumors at the MIN/adenoma stage [80] . Taken together, these studies suggest that developing lesions in the MMTV-PyMT model effectively recruit both innate and adaptive immune cells. Furthermore, macrophages may have a functional contribution in early stage tumorigenesis, although the functional impact of adaptive immune cells in early stage progression in this model has been difficult to assess, possibly due to the aggressive nature of this model.
Using a less aggressive and inducible model of FGFR1-induced tumorigenesis, we have previously shown that early stage hyperplastic lesions and locally invasive lesions are associated with macrophage infiltration [81] . Furthermore, macrophage depletion in this model resulted in reduced epithelial proliferation and angiogenesis, demonstrating functional contributions of macrophages to early stage tumor formation. In further studies, we have identified several macrophagederived factors that are capable of contributing to epithelial and tumor cell migration and invasion in 2D and 3D cultures models, including CXCR2-binding chemokines [82] , suggesting potential mechanisms through which macrophages may contribute to local invasion of in situ tumors.
A recent study was published using a pre-malignant model of p53−/− outgrowth, which shows disruption of the basement membrane during the transition to invasive cancer, mimicking the in situ to invasive transition in human breast cancer [83] . Macrophage recruitment was assessed in PN1a-derived lesions, which progress to invasive cancer, and PN1b-derived lesions, which remain as low-grade hyperplastic lesions. Increased numbers of macrophages were recruited to the PN1a lesions (Fig. 3a,b) , and these macrophages exhibited a pro-tumorigenic phenotype along with the capacity to induce a malignant phenotype of PN1a cells in 3D culture. Furthermore, depletion of macrophages in this model using clodronate liposome-mediated depletion led to reduced progression to invasive tumors.
Finally, a recent study has also implicated macrophages in early stage lesions using the MMTV-HER2 model [84] . Macrophages were found to infiltrate early stage lesions in a CCL2-dependent manner and were found in association with areas of myoepithelial disruption and loss of E-cadherin junctions. Inhibition of macrophages using an antibody to colonystimulating factor 1 receptor (CSF1R), which is a receptor present on macrophages, led to a reduction in hyperplastic ducts and restoration of E-cadherin expression. These results led to further assessment of macrophages in a small cohort of human DCIS samples, which confirmed the presence of intraepithelial macrophages and loss of E-cadherin junctions. Taken together, these studies collectively suggest that macrophages contribute to early onset of tumorigenesis and localized invasion during the transition from DCIS to invasive cancer.
Many additional models are known to be associated with immune cell infiltration in late stage tumors, such as the MMTV-ErbB2, MMTV-Wnt and C3(1)Tag models [85] [86] [87] . Further studies are required to determine the presence of immune cells within these lesions and the functional contributions of these cells to early stage tumorigenesis in these models. For example, early lesions in the C3(1)Tag model are associated with F4/80+ macrophage infiltration (Fig. 3c) , although their functional contributions to tumorigenesis in this model have not been established. Assessing both immune infiltration and the functional contributions of these immune populations to early stage tumorigenesis would provide important information regarding the impact of innate immune cell populations in the context of DCIS.
Immune Cell Populations in Human DCIS Samples
The success of immune-based therapies in other solid tumors has led to significant interest in understanding immune responses in breast cancer. Recent studies have focused on profiling immune cell populations within tumors to better understand the immune environment within the distinct breast cancer subtypes. Analysis of DCIS by flow cytometry has demonstrated an increase in the general leukocyte population, including both innate and adaptive immune cells, in both DCIS and IBC compared with normal breast [88] . In invasive breast cancer, increased levels of tumor infiltrating lymphocytes (TILs) have been linked to therapeutic responsiveness and better outcome in HER2+ and triple negative breast cancers [89] . As a result, current studies are focusing on developing immunotherapies for patients with TIL infiltration and for developing approaches for enhancing anti-tumor immune responses in breast cancer associated with minimal immune infiltrates. This raises the possibility that similar immunotherapeutic approaches may be relevant in DCIS as well.
Several studies have been published that have examined TILs in human DCIS samples. Using a cohort of 138 cases of pure DCIS, Hendry et al. quantified TILs in H&E stained sections [90] . Higher levels of TILs were found in highergrade, ER-negative and HER2-positive DCIS. Within this cohort, 27 cases were associated with subsequent recurrence. While the TIL score was not found to be associated with recurrence, there was a trend for recurrent lesions to have less TILs than the primary tumors. The loss of TILs in recurrent lesions may reflect suppression of anti-tumor adaptive immune responses during recurrence. Because the TIL population represents a variety of lymphocyte subsets, recent studies have focused on examining specific T cell subsets associated with DCIS lesions. There are a number of T cell subsets that vary in function and are found within the tumor microenvironment. CD8+ T cells are cytotoxic and are typically associated with anti-tumor immunity, although their activity can be suppressed in the tumor microenvironment. There are a number of subsets of CD4+ T cells that have different functions within the tumor. T helper 1 (Th1) cells represent a subset of the CD4+ T cell population that typically express high levels of interferon (IFN)γ, which is associated with anti-tumor functions [91] . The Th2 subset produces cytokines such as IL-4 and promotes an environment associated with a protumorigenic environment. For example, Th2-derived IL-4 has been shown to promote polarization of macrophages towards a pro-tumorigenic state, resulting in enhanced tumor progression [76] . Regulatory T cells (Tregs) are defined by expression of the transcription factor Foxp3 and are typically involved in suppressing the function of cytotoxic T cells [92] . A recent study of 27 cases of DCIS, 24 of which were pure DCIS, higher numbers of TILs were found in ER-DCIS, and a higher CD8/Treg ratio was found in ER+ DCIS [93] . This ratio demonstrates that more cytotoxic T cells are present, suggesting a more effective anti-tumor immune response within the microenvironment of ER+ DCIS, although this remains to be confirmed functionally. While analysis of recurrence was limited in this study, the two cases associated with recurrence were found to have high levels of Foxp3+ Tregs. Because Tregs represent a highly immunosuppressive subset of T cells, this suggests that recurrence may be associated with suppression of anti-tumor immune responses. Another analysis of a cohort of age-matched high-grade (52 cases) and nonhigh-grade (65 cases) DCIS found increased Foxp3+ T cells in high-grade lesions, suggesting that high-grade lesions are associated with an immunosuppressive environment [94] . Further analysis of this cohort was performed to assess the presence of cytotoxic CD8+ T cells that express human leukocyte antigen-antigen D related (HLADR). HLADR is a receptor for major histocompatibility (MHC) class II and serves as a marker for activated T cells. Thus, the presence of high levels of CD8 + HLADR+ T cells likely represents an antitumorigenic immune environment. Within this cohort, low numbers of CD8 + HLADR+ cells were associated with increased risk of recurrence, suggesting that a low level of antitumor immune responses corresponds with higher risk of recurrence. Conversely, lesions with high CD8 + HLADR+ and low CD8 + HLADR-cells were associated with reduced risk of recurrence, suggesting that the presence of an anti-tumor immune response within the tumor microenvironment is likely to be beneficial for the patient. While these studies demonstrate the importance of defining specific subsets of T cells for understanding the link to recurrence, the specific mechanisms that drive changes in T cell populations during DCIS recurrence are not known. Analysis of gene expression within the lesions prior to and following recurrence would provide guidance in terms of identifying immunosuppressive mechanisms that might contribute to recurrence.
Recent studies assessed immune infiltrates using FACS, multi-color immunofluorescence and gene expression profiling in a cohort that included primarily HER2+ and triple negative DCIS [88] . These studies found higher numbers of T cells associated with HER2+ DCIS compared with HER2-DCIS as well as higher numbers of T cells associated with high-grade compared with low-grade DCIS. These findings suggest that HER2+ DCIS and high-grade DCIS may be associated with a more immunogenic environment, thus these patients may exhibit better responsiveness to immune-based therapy. Furthermore, more T cells were found to be associated with DCIS that is adjacent to invasive cancer than pure DCIS. In terms of localization, T cells were found to be localized within the stroma and at sites of focal myoepithelial disruptions. While the functional implications of T cell localization in these areas remains unclear, the further identification of the specific T cell subtypes present within these regions would provide insights into the potential functional implications of T cells in DCIS.
In addition to infiltrating lymphocytes, studies have suggested the presence of myeloid cells associated with DCIS. For example, increased neutrophils have been found to be associated with DCIS compared with normal breast [88] . Given that neutrophils have been ascribed both protumorigenic and anti-tumorigenic functions in breast cancer [95, 96] , the functional implications of neutrophil accumulation in DCIS lesions are not known. Furthermore, high-grade DCIS was found to have higher percentages of macrophages as identified by the macrophage marker CD68, compared with non-high-grade DCIS [94] . Within this cohort, higher levels of CSF1R, which is a receptor present on macrophages, were associated with increased risk of recurrence. Numerous mouse models of early stage progression suggest functional roles for myeloid cells, including macrophages, in DCIS progression. Furthermore, macrophages can be found surrounding DCIS lesions (Fig. 3d) . Therefore, the presence and localization of macrophages within human DCIS suggest that macrophages may functionally contribute to DCIS invasion and/or recurrence. However, tumor associated macrophage function is complex and anti-tumor functions for macrophages within the tumor microenvironment have also been implicated. For example, immunohistochemical analysis of macrophage localization in human breast cancer samples revealed that the presence of macrophages in gaps of ductal tumor structures correlated with reduced lymph node metastasis, suggesting that depending on their localization within the tumor, some macrophages may exhibit protective functions [97] . Therefore, further studies on the specific localization and activation states of macrophages within the tumor microenvironment are needed in patient cohorts with isolated DCIS and long-term follow-up for clinical recurrence to provide more definitive data on the functional roles of macrophages in progression.
Immune-Based Therapeutic Targeting in DCIS
The recent success of checkpoint blockade therapy in some cancers, such as melanoma and lung cancer, has led to interest in determining the efficacy of checkpoint blockade in breast cancer. While this therapy is being actively pursued in invasive breast cancer, potential efficacy in DCIS is not known. To determine whether checkpoint blockade would be a feasible approach in the context of DCIS, some studies have examined expression of immune checkpoint molecules in DCIS. Inhibitory immune checkpoint molecules are cell surface proteins that inhibit T cell activity upon interaction with ligand. For example, programmed death 1 (PD-1) is a receptor expressed on T cells that suppresses T cell activation following binding to programmed death ligand 1 (PD-L1), which can be expressed on numerous cell types, including tumor cells and immune cells within the tumor microenvironment. PD-1 and PD-L1 are clinically relevant therapeutic targets and are being examined extensively in the context of invasive breast cancer. Another checkpoint molecule of interest is T immunoreceptor with Ig and ITIM domains (TIGIT), which is an inhibitory receptor expressed on T cells that binds CD155 and CD112 on dendritic cells, macrophages and tumor cells [98] . In a study examining TIGIT+ T cells and PD-1+ T cells in DCIS, initial analysis of T cell activation markers demonstrated that T cells in DCIS are typically more activated than in invasive cancer [88] . Furthermore, there were more TIGIT+CD3+ T cells associated with DCIS than invasive cancer although there were no differences in the presence of PD-1 + CD3+ T cells, suggesting that there may be differences in mechanisms of T cell suppression in DCIS and invasive cancer. Interestingly, some differences in PD-L1 expression were observed. For example, myoepithelial cells in a luminal DCIS area demonstrated high PD-L1 expression although the tumor cells were negative, whereas in invasive regions PD-L1 was highly expressed on tumor cells. In another study of 27 cases of DCIS, PD-L1 expression was not detected on tumor cells, but was found on infiltrating lymphocytes in 81% of samples [93] . Finally, the study by Hendry et al. also found low levels of PD-L1 expression in DCIS [90] . These studies collectively support the observation that PD-L1 is not overexpressed on tumor cells in DCIS, but the possibility that PD-L1 is expressed in the microenvironment warrants further examination.
In addition to checkpoint blockade, vaccination-based strategies have also been examined as a potential immunotherapy approach for DCIS patients. Based on the observation that progression of HER2+ breast cancers is associated with a loss in anti-HER2 Th1 responses, Lowenfeld et al. developed a dendritic cell-based vaccination strategy [99] . Monocytic dendritic cell precursors were isolated from patients with HER2-positive DCIS and pulsed with HER2 peptides with the goal to inject these cells into patients and elicit a T cell response to the peptides presented by the dendritic cells. Six weekly injections of pulsed dendritic cells were administered to patients in either the breast or groin lymph nodes. Minimal side effects were observed in the 54 patients treated, suggesting that this vaccine is well-tolerated. Furthermore, the majority of patients (81.1%) exhibited enhanced immune responses as shown by an increase in either CD4 or CD8 T cells following vaccination, and the increase in immune response was independent of route of administration. Pathologic complete response was achieved in 13 patients, and this correlated with an increase in immune response within the sentinel lymph node. While further studies are required to determine the efficacy of vaccination-based approaches in HER2+ and other subtypes, this study suggests that this may represent a viable strategy for some DCIS patients.
Conclusion
DCIS is one of the few non-invasive neoplasms that is treated with multi-modality therapy, including surgery, radiation, and pharmacologic therapies. These current clinical approaches for DCIS have resulted in an extremely low breast cancerspecific mortality rate of 3.3% overall at 20 years [100] . However, there is growing consensus that DCIS is overtreated and that many women diagnosed with DCIS might not ever experience disease progression if left untreated [101] . There are significant morbidities associated with the multi-modal treatment approaches currently used in DCIS management; therefore, there is a critical clinical need to distinguish DCIS lesions with a high potential for invasive progression/recurrence from those which are essentially benign. Furthermore, the development of specific therapies that directly target mechanisms of progression could potentially have more tolerable side-effect profiles than current approaches. There is considerable complexity and heterogeneity in the biology of invasive progression, and these studies have further outlined how multiple components of the tumor microenvironment may be pushing that evolution. Future work on the role of the tumor microenvironment in DCIS progression has the potential to help individualize our treatment approaches and improve patient's quality of life.
